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ABSTRACT 

The problem of r e t u r n  t o  e a r t h  from an  o r b i t  abw-.-; 
t h e  moon has  been i n v e s t i g a t e d .  
be r e t r o g r a d e  ( o p p o s i t e  t h e  moon's r o t a t i o n )  and i n c l i n e 2  
t o  t h e  l u n a r  equator  by not more t h a n  20 degrees ,  

of t h e  ephemerides o f  e a r t h ,  moon, and sun. The investigaz2o:I 
i s  made for t h r e e  t imes  i n  March 1969. 

The o r b i t  i s  assurnec ';c 

The method of  t r a j e c t o r y  c a l c u i a t i o n  used t akes  s ~ c s - ~ : ~ ~  

Ear th  l and ing  s i t e s  considered a r e  a t  Wooi::era, A u s t r a l l z  
and San Antonio, Texas. 
a t  t h e s e  p l a c e s  a r e  chosen t y p i c a l  of t h e  Apol lo  s p a z 2 ~ i ~ L l ; .  

d e s i r e d  r e e n t r y  cond i t ions  a r e  determined anu the use  sf 
t h i s  d a t a  i n  e s t a b l i s h i n g  nominal r e t u r n  cond l t lons  and 
" i n j e c t i o n  window" i s  i l l u s t r a t e d .  

The r e e n t r y  cond i t ion=  f o r  1anGinZ 

I n j e c t i o n  cond i t ions  for return f rom t h e  o r b i f ,  t o  - C _ j r  h s  
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SECTION I. INTRODUCTION 

A s  part of a l a r g e r  e f f o r t  t o  e s t a b l i s h  the IcssibiL5:;. 
of l u n a r  o r b i t  rendezvous as a method for mz.nned ildfiz-7 
e x p l o r a t i o n ,  a s tudy  has been made of t h e  r e t u r n  i ~ i , j ~ ? z L ~ : i  
c o n d i t i o n s  which might be r e q u i r e d  f o r  such a m i z z t m .  
T h i s  r e p o r t  p r e s e n t s  t he  r e s u l t s  o f  t h e  s tudy .  

SECTION 11. DISCUSSION 

A .  PROBLEM STATEMENT 

The problem a t  hand i s  t o  determine t h e  i n J e c z i o n  
cond i t ions  which might be u t i l i z e d  for a r e t u r n  fli&icl; 2c 
e a r t h  from an  o r b i t  about t h e  moon w i t h  a v ie i ;  toorva,?d -;:--e 
de te rmina t ion  a l s o  of what “ i n j e c t i o n  windovr“ is a v a i l a b l ? .  
The  o r b i t  i s  assumed t o  be r e t r o g r a d e  ( o p p o s i t c  ;he ~ T . J O Z ! S  
r o t a t i o n )  and i n c l l n e d  t o  t h e  l u n a r  equa to r  by not  ~ G X  
than 20 degrees .  

3. REENTRY CRITERIA 

At r e e n t r y  i n t o  t h e  e a r t h ’ s  atmosphere t h e  M ~ ~ L I ~ T ?  
t r a j e c t o r y  must have t h e  c o r r e c t  d i r ec tLon  and. v e l o c i z g  t o  
a s s u r e  t h a t  t h e  v e h i c l e  a r r i v e s  a t  t h e  preselee,:ed r;cove?y 
a r e a  and i s  not sub jec t ed  to excess ive  thermodj-nsmic (5” 



,- 
L 

t 

d.zevzle-stion l o a d s ,  I n  a r ' i n n l  a n a l y s i s  a r e e n t r y  v:ir!do;a- ~ : , ~ 1 , 1 1 ; j  

112 . ? s t ab l i shed  which v~ou ld  r e p r e s e n t  a l l  set:; o f  a . ~ c : c ~ - + ~ ~ - ~  1.' 'a< l , i  'L - 
r e c n t i y  c o n d i t i o n s ,  and which would be determined bji the 
cxact aei-odynainic c h a r a c t e r i s t i c s  o f  t h e  v e h i c l e  and <:!IC 
f l e x i b i l i t y  of t h e  guidance and control. nystem. I n  t h i :  
s tudy ,  however, t h e  r e e n t r y  window i s  approximated by 
choosing most of t h e  r e e n t r y  parameters  at a nominal va lue .  

Work done by t h e  a u t h o r  and o t h e r s  a t  t h i s  c e n t e r ,  as 
we11 as in fo rma t ion  a v a i l a b l e  i n  the l i t e r a t u r e ,  was con- 
side;.ed i n  t h e  choice  of t h e  r e e n t r y  conclit ions.  Reent iy  
is asz-cimed t o  take p l a c e  a t  a r a d i u s  of 6b98 h-n fyom t h e  
ec?rti:'s c e n t e r .  S ince  t h e  t r a j e c t o r i e s  were c a l c u l z t e d  ?z:- 
an e l l i p s o i d a l  earth,  this means r e e n t r y  a l t i t u d e  was 
al lowed to vary s l i g h t l y  with l a t i t u d e  of r e e n t r y .  The 
ra:ige f r o m  r e e n t r y  t o  touchdown i s  t aken  as 4300 2.m. o r  
72 degrees  of c e n t r a l  ang le .  T h i s  i s  about t h e  average 
range of t h e  Apollo type  c r a f t  when r e t u r n i n g  from the  
xoon. Path ang le  of 6 degrees  'below h o r i z o n t a l  i s  approxi-  
ma te ly  t h e  d i r e c t i o n  of r e e n t r y  which is s a t i s f a c t o r y  To?- 
most v e h i c l e s  of t h e  type  l i k e l y  to be used f o r  t h e  ixissiai: 
and i s  chosen as nominal here. 

Reentry v e l o c i t y  was not r e s t r i c t e d  t o  a f i x e d  v a l s z  
Tor t h e  fo l lowing  reasons .  For t h e  v e l o c i t i e s  considered 
f o r  t h e  d e p a r t u r e  the reenti?y v e l o c i t y  measureci i n  a non- 
z-otating frame v a r i e s  by on ly  50 m/s even though r e t u r n  
t r a n s i t  t i m e s  range from 55 to 100 hours .  Thus, when the 
x e n t r y  velocrity i s  measured w i t h  r e s p e c t  t o  t h e  i?otati i?g 
ea;.ti?, fop all. ca ses  m e n t e r i n g  wi th  eastward d i r e c t i o n  
(aziinuth between 0 and 180 d e g r e e s ) ,  t h e  v e l o c i t y  e s t rme :  
encountered are 10,600 to 11,000 m / s .  T h i s  v a r i a t i o n  sL' 
400 n/s r.:ith r e s p e c t  t o  t h e  atmosphere i s  n o t  c r i t i c a l  f=:- 
t i lase  v e l o c i t y  magnitudes encountered. 

Under t h e s e  assumptions concerning r e e n t r y  v e l 0 2 L t ; ~  - - e  
I-ia~:e, i n  e f f e c t ,  neg lec t ed  t h e  e a r t h ' s  r o t a t i o n  and zss'~:i"--7 . ;; i c  

tha t  a l l  2eeii try s i t u a t i o n s  w i l l  r e q u i r e  t h e  sane -a;-ge 50 
roxcl?cio:m. Thus, if rue would a l s o  n e g l e c t  t h e  non-si>hericzl  
shape o f  t h e  earr,h, t h e  r e e n t r y  p o i n t s  would l i e  on a c i x l e  
w i c i i  t h e  touchdorm s i t e  a t  t h e  c e n t e r .  

If the touchdown l o c a t i o n  i s  s p e c i f i e d ,  spheraiczl  
L-igonometry can be used t o  determine what combinations o f  
l a t i t u d e  and long i tude  l i e  a t  t h e  c o r r e c t  a n g u l a r  d i s t a n c e  
f r20m t h e  touchdown p o i n t .  Futher ,  if r e e n t r y  f l i g h t  is 
assumed to occur  i n  a p lane ,  the c o r r e c t  azimuth f o r  eac-11 

' r e e n t r y  p o s i t i o n  i s  determined. 



C. COORDINATE SYSTElG' 

TWO l and ing  p o i n t s  or, e a r t h  consicielqed a c  ma;: S:i: 
Aritonio, Texas, and Woomera, A u s t r a l i z .  Thc lati.Lli.?L.z ai' 
t h e s e  p l a c e s  i s  29.148 degrees  n o r t h  and s~v. !b l i ,  ; ~ ~ S ~ ; ~ Z C ' - - ~  dL - - - -  . 'ZLG - . 
The no r the rn  l o c a t i o n  ( n e a r  San Antonio) i s  taiieti a s  26i 

southern  l o c a t i o n  
F igu res  1 and 2 show the  azimuth and long i tude  f o r  t h e  
s p e c i f i e d  r e e n t r y  cond i t ions  as f u n c t i o n s  of t h e  reenti-y 
l a t i t u d e .  For convenience t h e  cond i t ions  r ep resen ted  h,i 
t h e s e  f i g u r e s  w i l l  be r e f e r r e d  t o  a s  an  " a r r i v a l  c i r c i z . "  

degrees  long i tude  measured e a s t  from Greenwich) and t h e  
Woomera) i s  a t  135 degrees  e a s t  1ongi:;u.c;;o. 

A t  t h i s  p o i n t  i t  i s  d e s i r a b l e  t o  e x p l a i n  t h e  syst?::: 
used t o  s p e c i f y  p o s i t i o n  and v e l o c i t y  Coordinates a t  t i i n  
soon.  A l l  of t h e s e  coord ina te s  a r e  g iven  I n  a selenop 
system which i s  s i m i l a r  t o  tha t  used t o  s p e c i f y  geoceTi';LLL 
coord ina te s  a t  t h e  e a r t h .  The moon's equator  p lane  i s  
pe rpend icu la r  t o  i t s  a x i s  of r o t a t i o n .  The z e r o  Lon 
rneridian c r o s s e s  t h e  equator  on t h a t  p r i n c i p a l  a x i s  
i n e r t i a  which i s  assumed (by  astronomers)  t o  lle t h y  
the  c e n t e r  o f  t h e  bulge of t h e  moon toward t h e  e n - ~ t h .  
Since  the  moon's equator  i s  i n c l i n e d  by 6.67 d e y 3 e s  -;a 
t h e  p lane  of t h e  moon's o r b i t  about e a r t h ,  and si: ice 2122 

p a t e  i s  e s s e n t i a l l y  cons t an t ,  t h e  p o s i t i o n  of  t h e  z e x  
l a t i t u d e  and long i tude  po in t  seems t o  move i n  neaj.13- c 
c i r c l e  about t h e  earth-moon l i n e .  I n  addlticln k<2  t 3 - z  
o p t i c a l  l i b r a t i o n  t h e r e  i s  a small ( a l x a y s  l e s s  than  C;..'ti. 
d eg rees )  p h y s i c a l  l i b r a t i o n .  

t h e  o r b i t  i s  s l i g h t l y  e c c e n t r i c  while  t h e  moon's L-OZZ.-:LC~"~ . , .  

, o  

I n  t h i s  moon-fixed system then ,  l ong i tude  i s  r!s~,z~-ai-~.j 
p o s i t i v e  east froln o t o  360 iiegrees. E a s t  o n  ti13 x a a n  E: 
on  e a r t h  i s  t h e  d i r e c t i o n  of  s u n r i s e .  Azinmth is :::?2z-;.:-xi 
from 0 through 360 degrees  s t a r t i n g  eastward. fi-o:r, n o x . : ~ .  I .  

D. I'VIETHODS USED Am ASSWJiPT'IONS 

T r a j e c t o r i e s  f o r  r e t u r n  f l i g h t s  tiere compu5eci by 
numerical  i n t e g r a t i o n  of t h e  equat ions  of notion usi.r;g 2 
system programmed for high speed compcters by t h e  J e t  
Propuls ion  Laboratory.  The equat ions  o f  mot i a ; i  inc1ud.e 
!,ne g r a v i t a t i o n a l  f o r c e s  of t h e  e a r t h ,  inoon, ax:. siin -.--i . / _  '-:-, J . &  

t h e i r  c o o r d i  n a t  e s given a c c u r a t e  1 y a c cording t o  '. ',-I 

Theobla teness  e f f e c t s  of b o t h  ear th  and noon a r e  a l s a  
inc luded ,  

L 1  
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S i n c e  t h e  f i r s t  manned l u n a r  f l i g h t s  a r e  expected t; 
occur  n e a r  t h e  end o f  t h i s  decade, t h e  t i m e  i n v e s t i g a t e d  
was chosen to be March 1969. At t h a t  time t h e  moon's 
o r b i t  about  the e a r t h  i s  i n c l i n e d  by 28.72 degrees ,  roughly 
the largest  i n c l i n a t i o n  e v e r  occur r ing .  Also t h e  moon's 
p e r i g e e  occurs  a t  about  t h e  same t i m e  tha t  i t  reaches i t s  
minimum ( s o u t h )  d e c l i n a t i o n .  (At per igee  t h e  moon i s  a t  
369,400 km d i s t a n t  from ea r th .  At apogee, which i n  tha t  
month occilrs obviously a t  maximum d e c l i n a t i o n ,  the  d i s t a n c e  
i s  ?t04,400 km.) 
stu-dy. These a r e  minimum d e c l i n a t i o n ,  z e r o  d e c l i n a t i o n  a t  
ascending  node, and maximum d e c l i n a t i o n .  

Three t i m e s  i n  t h e  month were chosen f o r  

The s p e c i f i c a t i o n  of  a r e t rog rade  o r b i t  of small 
i n c l i n a t i o n  i n d i c a t e s  i n j e c t i o n  f r o m  l a t i t u d e s  n e a r  the 
l u n a r  equa to r ,  w i t h  westward azimuth, i n  o r d e r  to avoid  
l a r g e  performance p e n a l t i e s  a s s o c i a t e d  w i t h  l a r g e  f l i g h t  
p l ane  changes. Informat ion  a v a i l a b l e  i n  t he  l i t e r a t u r e  
(References  1 and 2 )  concerning l u n a r  r e t u r n  i n d i c a t e s  t h a t  
f o r  such cond i t ions  t h e  i n j e c t i o n  long i tude  w i l l  be i n  the  
r e g i o n  of 90 to 180 degrees .  ( T h i s  can a l s o  be seen  f'rox 
s t u d i e s  of ear th  t o  moon f l i g h t  u s i n g  t h e  r e s t r i c t e d  t h r e e -  
body approach which has as a f e a t u r e  t h a t  for any t r a j e c t o r y  
from ear th  t o  moon there i s  a t r a j e c t o r y  of t h e  sane shape 
r e f l e c t e d  about  t h e  earth-moon l i n e  and which goes i n  t h e  
oppos i t e  d i r e c t i o n ,  namely from moon t o  e a r t h .  A d e t a i l e d  
e x p l a n a t i o n  of t h i s  phenomenon i s  g iven  i n  Reference 3 . )  
Therefore ,  i n j e c t i o n  p o s i t i o n s  a t  0, 10, and 20  degrees  
l a t i t u d e  f o r  each of 90, 135, and 180 degrees  1ongitLide 
Iwere chosen f o r  i n v e s t i g a t i o n  of i n j e c t i o n  v e l o c i t y  nagnitucie 
and d i r e c t i o n  requirements .  The i n j e c t i o n  r a d i u s  i s  h e l d  
c o n s t a n t  a t  1938 I.C;n f r o m  the  c e n t e r  of t h e  moon or 200 :n. 
above the  mean r a d i u s  of t h e  moon of 1738 km. 

Southern l a t i t u d e s  were no t  cons idered  s i n c e  by pi-oper 
r o t a t i o n  of coord ina te  systems to account  for t h e  previoL.al:; 
mentioned tilt  o f  the moon's axis, t h e  r e s u l t s  could -be 
r e f l e c t e d  abou t  t h e  earth-moon plane to g ive  an a p p r z s i z e t i ? ~ ;  
Jf c J n d i t i o n s  for those  southern  l a t i t u d e s  t h a t  happen t c  
be 3:flmetric about  t h e  earth-moon p lane  w i t h  t h e  nor ther r ,  
l a t l t u d e  used o r i g i n a l l y .  The r e s u l t s  would be approximate 
o n l y  because of the  i r r e g u l a r  g r a v i t y  f i e l d s  of t h e  non- 
s p h e r i c a l  moon and e a r t h .  

:he p o s ~ t i o n ,  v e l o c i t y  magnitude, and t ime o f  i n j e c t i o n  an3  
LO i s o l a t e  f o r  that combination of i n j e c t i o n  p a t h  a n g l e  an3 
~ z L : ~ ~ ~ t h  l*rhic!1 r e s u l t s  i n  r e e n t r y  w i t h  a 6 degree  p a t h  angle 

The procedure fol lowed was t o  hold StepViiSe c o n s t a n t  

L 



,m> 1 below h o r i z o n t a l  a t  r ad ius  of 6498 lan from e a r t h .  i.nis 
i s o l a t i c n  i s  done au tomat i ca l ly  by rc7J';ines b u i l f  i n t z  t::z 
t r a j e c t o r y  computation program. For each p o s i t i o n  and. 
v e l o c i t y  magnitude t h e r e  a r e  a fami ly  of t r a j e c t o r i e s  ~;ixi-:;-. 
meet t h e s e  cond i t ions .  Not a l l  of t h e s e  have t h e  s p e e i f l s d  
" a r r i v a l  c i r c l e "  cond i t ions ,  The r e e n t r y  l a t i t u d e  and 
azimilth which i s  produced i s  compared g r a p h i c a l l y  w i t h  th? 
accep tab le  va lues  shown i n  F igu res  1 and 2, The t r a j e c t J - i E s  
vrhich produce d e s i r e d  l a t i t u d e  and azimuth combinations 
a r e  cons idered  without  regard to l o n g i t u d e ,  T h i s  i s  
expla ined  by t h e  fol lowing reasoning .  
a r r i v e d  a t  by t h e  above procedure may r e s u l t  i n  a l o n g i -  
t ude  e r r o r  t h e  a b s o l u t e  value of which can be a t  xost 
180 degrees .  Thus, i f  i n j e c t i o n  t i m e  i s  a d j u s t e d  by a5 
nost 12 hours  t h e n  except for t h e  s l i g h t  change i n  "sile 
tz -a jec tory  shape due t o  t h e  s l i g h t l y  changed p o s i 5 i c n i : x  - L,- --- 
moon with r e s p e c t  t o  e a r t h  a t  t h e  c o r r e c t e d  t ime,  t h e  
r een tqy  does occur  a t  t h e  c o r r e c t  l o n g i t u d e .  

A r e t u r n  f l i g h ?  

SECTION III. RESULTS 
. .  

A t  maximum and minimum d e c l i n a t i o n  of t h e  ~ c c n ,  x - ; e ? -  
t i o n  cond i t ions  were e s t a b l i s h e d  which produce fl l igkz",~ 1: 
s a t i s f y  the  s p e c i f i e d  r e e n t r y  cond i t ions  f o r  each of  ;:--e 
n i n e  i n j e c t i o n  l o c a t i o n s ,  S o l u t i o n s  are  found, l-~~,;e;-e?, 
on ly  for t h e  n o r t h e r n  r e t u r n  l o c a t i o n ,  i f  t h e  rncon 1s EC 
southernmost d e c l i n a t i o n  a t  d e p a r t u r e  and converszly 
s o l u t i o n s  are only a t  t h e  southern  l o c a t i o n  f o r  C;;3p&.7:~;:T'~ 
from t h e  moon a t  maximum d e c l i n a t i o n .  

A t  p r e s e n t ,  data f o r  t h e  zePo d e c l i n a t i o n  a r e  2vz i l z51s  
on ly  for e q u a t o r i a l  i n j e c t i o n .  I n  t h i s  case  though, z z t i s -  
Zactory r e t u r n  t o  e i t h e r  o f  ' the  r e t u r n  l a t i t u d e s  i s  s2e.n 
:o be p o s s i b l e ,  

i n j e c t i o n  p a t h  angle  and azimuth vrnich ?rcdt..ce EI-~;:- 
a b l e  r-eturn f l i g h t s  and t h e  a s s o c i a t e d  f l i g h t  " ,yes a?e 
sho:m i n  F igures  3 t h r u  26 as f u n c t i o n s  o f  inj?c ' ; lcn *;eZccL:;- 
magnitude f o r  each o f  t h e  p o s i t i o n s .  F igu res  3 -;hi?-d 11 
show cases  for r e t u r n  f r o m  minimum d e c l i n a t i o n  to Saa 
Antonio, Texas. F igu res  12  t h r u  20 p r e s e n t  d a t a  f c r  :-Z:-J?L 
from maximum d e c l i n a t i o n  t o  Idoomera, A u s t r a l i a ,  and F ~ s J ? ~ :  
2 1  t h r u  26 i n d i c a t e  r e t u r n  c o n d i t i o n s  fpon  zero decl lns2:o-  
t o  bo th  San Antonio and Woomera. 

. 



F o r  a f i x e d  d e c l i n a t i o n  and d i s t a n c e  o f  t h e  moon, t h e  
l o c a t i c n  of t h e  po in t  of  r e e n t r y  on t h e  "a r r iva l  c i r c l e "  
(1.d-iich a l s o  d e f i n e s  the  i n c l i n a t i o n  of t h e  r e e n t r y  f l i g h t  
p l a n e )  i s  a f u n c t i o n  of t h e  i n j e c t i o n  p o s i t i o n  and v e l o c i t y .  
For the i n j e c t i o n  p o s i t i o n s  and t h e  v e l o c i t y  v e c t o r s  a p p l i -  
cab le  i n  * t h i s  s tudy ,  however, the  r e e n t r y  occurs  always 
n e a r  the same p lace  f o r  a given p o s i t i o n  o f  the  moon. No 
a t t empt  was made here  t o  s tudy  t h e  e x a c t  behavior  of t h e  
r e e n t r y  p o i n t  on the " a r r i v a l  c i r c l e . "  Such a s t u d y  nay 
be :lade e v e n t u a l l y  u s i n g  a system re fe renced  to t h e  1nor;n- 
e.a-r.sh o r b i t  p lane  which makes e a s i e r  t h e  a n a l y s i s  of  effects 
n c t  r e l a t e d  to t h e  moon d e c l i n a t i o n .  The e f f e c t s  of  c k i ? g i n g  
d e c l i n a t i o n  can then  be super-imposed on those due t o  in:ec- 
t i o n  p o s i t i o n  and v e l o c i t y  v a r i a t i o n .  The p o s i t i o n s  of 
r e e n t r y  encountered i n  t h e  s tudy  a r e  g iven  i n  t h e  follov;ir-g. 

For r e t u r n  t o  Woomera f r o m  t h e  maximum d e c l i n a t i o n ,  
t h e  r e e n t r y  l i e s  between 19 and 24 degrees  sou th  l a t i t u d e  
havrng f l i g h t  p lane  i n c l i n a t i o n  of 32 to 34 degrees to t h c  
e a r t h ' s  equa to r  while  f o r  r e t u r n  from ze ro  d e c l i n a t i o n ,  t ? ~  
r e e n t r y  occurs  between 11 and 15 degrees  n o r t h  l a t i t u d e  r.~itJ1-. 
i n c l i n a t i o n  of 38 to 40 degrees .  For r e t u r n  to San f in t c r i z  
from minimcm d e c l i n a t i o n ,  t h e  r e e n t r y  l a t i t u d e s  a r e  betweer 
20  and 23 degrees  n o r t h  w i t h  i n c l i n a t i o n  be ing  32 t o  34 
degrees .  
the  l a t i t u d e s  are f r o m  8 to 1 2  degrees  s o u t h  and i n c l i n a t i s n s  
f rom 36 to 38 degrees .  

c a l  l a t i t u d e s ,  t h e  r e t u r n  l a t i t u d e s  could be expected t o  be 
t h e  same f o r  r e t u r n  f r o m  the  extreme d e c l i n a t i o n  i n  e i t h e r  
!?enisphere to t h e  recovery  po in t  i n  t h e  oppos i t e  hemisp!-iere 
If t h e  moon were always a t  the same d i s t a n c e  and o r i e n t a t i z c  
with r e s p e c t  t o  the e a r t h .  The above f i g u r e s  f o r  r e e n t r y  
l a t i t u d e  r e f l e c t  the changes i n  moon p o s i t i o n  and c r i e n t a t l c r  
, , - ~ - ~ h  o c c ~ r  dur ing  t h e  month s t u d i e d .  

. ~ .~ . r s i t  t i n e s  (50 t o  90 hours )  t he  i n j e c t i o n  v e l z c i r y  r.zgr2- 

C?-e p e r i g e e  while  for l ong  t r a n s i t  t imes ( >  90 h?ou?s) t h e  
s i t lLa t ion  r e v e r s e s .  ( A  s i m i l a r  phenonenon occurs  ir. f l i g h t  
f2on  e a r t h  to moon w i t h  a comparison of a r r i v a l  v e l o c i t y  
icith r e s p e c t  t o  t he  moon a s  a f u n c t i o n  o f  f l i g h t  t i n e  and 
d i s t a n c e  t o  moon.) Due to this d i f f e r e n c e  i n  v e l o c i t y  
Peqni renent ,  t h e  curves  are given f o r  s m a l l e r  v e l o c i t i e s  tz 
about  2 .5  lan/sec f o r  t h e  minimum d e c l i n - t  a i o n  curves 
( c o i n c i d i n g  here  w i t h  s m a l l e s t  earth-moon d i s t a n c e )  and t c  
2 .4  k ~ / s e c  f o r  maximum d e c l i n a t i o n ,  

For r e t u r n  t o  San Antonio f r o m  ze ro  d e c l i n a t i o n ,  

S ince  San Antonio and Woomera a r e  p o s i t i o p e d  a t  s y x x e t r L -  

T.-'P i r, 

I n  t h e  course of t h e  study it  was n o t i c e d  t ha t  for sF-.si>: - - - ~  
I ,7< ,due r e q u i r e d  i s  g r e a t e r  a t  t h e  moon's apogee than  i t  i s  zt 



From (;]?e in formzt ion  g iven  in 4;:;c a'o2;;:~ rl: - 
c e r t a i n  performance d a t a  a nominal in ; jx t ia i , i  s r i t , u ~ ? , i o i ~  ,-'z: 
be  e s t a b l i s h e d  and launch window de te lmina t ions  can 5i 
made. One simple a r b i t r a r y  case  i n  of i 'crcd.  Thic c ' x e  
i s  based on the  assumption of  an e q u a t o r i a l  circulat:  o i ~ b i t  
of a 2 h r  7 minute pe r iod  around t h e  moon. I n  o d e l a  to 
e s t a b l i s h  a nominal ca se  we a l s o  assume that v x  1::nnt i;o 
r e t u r n  t o  a p r e s e l e c t e d  po in t  on e a r t h  i n  a specil'icvfi 
t r a n s i t  t ime and t o  use a minimum o f  p r o p e l l a n t  I_r_ ':hc! 
d e p a r t u r e  maneuver. 

Performance s t u d i e s  have been made by Spa 
S e c t i o n  I1 of  t h i s  branch t o  determine the  chn  
v e l o c i t y  required. for t h e s e  o r b i t a l  maneuve-c. 
o f  t h e  s t u d i e s  w i l l  be given i n  cictail i n  i-c!30 
prepared  by t h a t  s e c t i o n ;  hoviever, an c:afi~l.c oi' ;; 
i s  g iven  he re  a s  p a r t  of the i l l u s t r a t i o n  oi' Cietcniii?'. - .  . 

or nominal i n j e c t i o n  and launch windovr. 

Fo r  i n j e c t i o n  a t  1938 k n  radius t h e  A'X, 
optimum t r a n s f e r  would be made f ~ o m  c i ~ c u l ~ i ~ ~  
of about  1932 Ian which i s  t h e  o r b i t  o f  ';he F 
above. ( T h i s  optimum a l t i t u d e  change duying 
i s  of course  a l s o  a func t ion  of tht? i n j e c t i o n  ve l : ! z~ -~  
magnitude and d i r e c t i o n ;  however, t h e  el"f e c t  on peri':] 
i s  snal l . )  The optimum path  ang le  a t  i n j e c t i o n  i s  $-,:.zi 
t h e n  as a f u n c t i o n  o f  i n j e c t i o n  v c l o c i t g  i n  I?iT-we ?7 
under  t h e  assumption of cons tan t  i n j e c t i o n  radius :in6 EO 
change i n  f l i g h t  p lane  o r i e n t a t i o n .  
c h a r a c t e r i s t i c  v e l o c i t y  required f o r  v r r ~ a t i o n  o f  : c l c  
d i r e c t i o n  from optimum. T h i z  curve hzs been f0~~1.nC :LO 'P~? 
Teppesenta t ive  of cliFL_ulps ifi e i t h e r  nz+;h z ~ n ~ l  0 0 z - d  -1 T __..._ ---~w:--:- '. - ~. 

o r  of combined changes f rom the optirnurn. Thus, i'ol: e;.cli 
I n j e c t i o n  p o s i t i o n  on t h e  moon the d. i f fe rcnce  fr! iae !uir.cci 
i n j e c t i o n  d i r e c t i o n  2nd thc  optlimunl direction e m  bc 

Figure  28 sizo;.:c, 

-,- - 

xined ,  and t h e  v c l o c i t y  penalty can be read L'TOIT sric , .  ~ ' i ~ ~ ~ i . : ~  . 

The total v e l o c l t j r  mquli-ed f o r  t r a n s f e r  i 
a fumetion of  f l i g h t  t ime i n  F igpie  29. ?!?=.e t h c  
change i n  l a t i t u d e  w h i c h  t a k e s  p lace  -)!hen 2. :.I.xL,. L k  
a r e  Eade dur ing  t h e  i n j e c t i o n  maneL:i!C:r ! x s  Lerl 

IcngL%i?.de i s  g iven  as t h e  psi-ameter. The t 
d e c l i n a t i o n  was used i n  this case .  Fi.oIc t - 1 5 :  e-- - lAe!.Li_ula~ qx. 

-1- i,:e i n j e c t i o n  1at i tu .de 1s assumed L c  bc. al..;ag~=, 

injectr ion i s  deteiwined and a i  appr;)xi!?: 
c siLe 1- ' ! in . iect ion window'' ris !n.adle a s  foll',2i;:s. 

- 7  



I f  t h e  XQOR i s  n e a r  the r r , a x i m u m  d e c l i n a t l o n  and :.:e 
7 .  L e s i r e  a ;-etg.rn of  7‘7 kr dura t ion  t h e  i n j e c t i o n  l ~ ~ g i t ~ 5 c  
f’ron- :.:hick the l e a s t  v e l o c i t y  increment i s  r ecp l r ed  i s  
see:: i n  F igure  29 t o  be 180 degrees .  
t i n e  i s  e s t a b l i s h e d  t o  s a t i s f y  t h e s e  long i tude  and f l i g h t  
kime requirements .  
Sepa r tu re s ,  we no te  tha t  for the o r b i t  pe r iod  i n  cons ider -  
a t i o n  t h e  long i tude  changes by about  3 degrees  p e r  minate 
s o  t h a t  f o r  each  minute e a r l y  t ha t  i n j e c t i o n  occurs  the  
:)-elccity increment i s  read  on the curve f o r  3 degrees  

fsr  each n i n u t e  l a t e  t h e  longi tude  dec reases  by 3 degyees.  
(“lore n e a r l y  exac t  would be to say ,  r ead  t h e  curve for 
f l igl-- t  t i ne  a d j u s t e d  by t h e  c o r r e c t  number o f  minutesJ  but 
,-. , ~ i ~ i c u . s l y  -.Tr 

3 ,a t i ced  tha t  i f  the  d e l a y  i s  t o  be g r e a t e r  t han  a f e x  
c:inutes,  i t  may be advantageous to w a i t  one more o r b i t  
of 2 hours and 7 minutes from nominal time and reduce f l i  
t ime Sy tha t  amount. (This assumed, t h e  c o r r e c t  l ong i tude  
:s a g a i n  achieved a t  r e e n t r y .  T h i s  i s  no t  e x a c t l y  t r u e  
5s.e to change of t r a j e c t o r y  shape f o r  smaller t r a n s i t  
t i x e  a s  x e l l  as the change of t h e  m o o n ’ s . p o s i t i o n  !ai th  - 
1-espect to t h e  ear th ,  which takes  p l ace  i n  t h e  2 ‘nr [ 
::::rate pe r iod .  The assumption i s ,  however, s u f f i c i e n t l y  
a c c u r a t e  f o r  t h i s  f i r s t  approximat ion . )  If this l onge r  
delay occurs ,  a second nominal i n j e c t i o n  nay t a k e  p l a c e  
a t  l c n g i t u d e  of 177 degrees  and t h e  v e l o c i t y  p e n a l t y  f o r  
j i s p e r s i o n s  about  t he  new nominal may be determined a g a i n  
as akove. 

TPLe nominal i r , Jcc t tc : ;>  

c If we now c o n s i d e r  e a r l y  a n d - l a t e  

- -cauer -  s -(I- r - longi t i ide a t  t h e  sane  F l i g h t  ti:x and! lil-,e:.:Lse 

a few minutes a r e  n e g l i g i b l e  h e r e . )  

d 

It I s  

The v e l o c i t y  p e n a l t y  f o r  d e p a r t u r e  a t  non-optixum 
ti?.€ as determined I n  the  above eilaxple i s  shcvm i n  
,kigi:=e 30 p l o t t e d  a g a i n s t  t h e  t ime d e v i a t i o n .  7. 

SECTIOK IV. CONCLUSIONS 

- 1- mi- lL -e  L-esi-ilks p re sen ted  may be used tc deteri-:iine : r ; ~ z ~ f . - - -  
,~ ,.,- -> i -.. --,,P. 
i ‘n 
uLILi~ L . L : ~ ~ A  for r e t u r n  to e a r t h  f roc1 r e t r o g m d e  o i ~ b i t s  a’:> 2--;.r 
“--e :::c)cri i n c l i n e d  by as much as 20 degrees  (and w i t k  c e r t ~ i i i  

A r J ~ -  , -Lli l tations of r e t u r n  i n j e c t i o n  windolxs can a l s o  be :-:az.e. 

The r e s u l t s  i n d i c a t e ’  t h a t  r e t u r n  can be made t o  a t  

1, , ? C r t - ’  of  t he  l i n e s  o f  nod.es o f  the  o r b i t  e r d  eq:-iato?). 
-p-?,’n.-, >.- 

l s a s t  cne o f  t h e  two chosen s i t e s  r e g a r d l e s s  of the rr!son’E 
pssition r e l a t i v e  t o  eai-th and. +,hat reasonable  i n j e c t i s n  
- * I 7  ,.Lr,d.oics a r e  a v a i l a b l e .  
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F/G. /. REENTRY LONG/TUDE AND AZ/MUTH 
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AS FUNCTION OF REENTRY LATITUDE 
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